Passive liquid surfaces in wastewater treatment plants may be potential sources of odorous emissions. This study investigates the occurrence and significance of deviations that may originate from the use of the effective diameter as fetch parameter in the empirical correlations utilised by the WATER9 model to estimate odorous emissions at passive liquid surfaces. A sensitivity analysis was performed using benzene as a model compound and considering representative conditions of wind speed and wind alignment. The gas-film mass transfer coefficient (k G ) was found relatively in sensitive to the choice of the fetch parameter, deviating less than 15% for aspect rations up to 15.
INTRODUCTION
Passive liquid surfaces may be important sources of odorous emissions in wastewater treatment operations (Capelli et al. ; Santos et al. ) that can cause odour annoyance to local communities (Hayes et al. ) . A liquid surface is characterised as passive when there is no significant active gas flow across the surface (Capelli et al. ) ; in wastewater treatment plants (WWTPs), these are represented by the liquid surfaces without active aeration/intense bubbling, for example, primary and secondary settlement tanks, sequencing batch reactors and stabilisation ponds. Different methods have been developed to quantify the emission rate of odorous compounds at these surfaces, such as (Gostelow et al. a, b, ; Hudson & Ayoko ) : predictive emission models, reverse dispersion modelling (indirect method) and enclosure devices as a flux hood or a wind tunnel (direct methods). The use of odour emission factors has also been proposed, in order to estimate the overall odour emission rate, expressed as odour units per unit time (Capelli et al. ) .
Predictive emission models allow estimating emissions at wastewater treatment units through a mass balance approach, considering characteristics of air and liquid phases and modelling production and removal mechanisms by empirical algebraic expressions (Santos et al. ) .
These models are useful as an alternative methodology for estimating emission rates from proposed WWTPs (before their construction) or for rapid and low cost evaluation of existing plants (Cheng et al. ; Santos et al. ; Beghi et al. b; Yang et al. ) . However, there are issues regarding the accuracy and representativeness of such models. For instance, concerning passive liquid surfaces, comparative studies with three of the most widely applied models, WATER9 (USEPA , ), TOXCHEMþ (ENVIROMEGA ) and the model proposed by Gostelow et al. (b) , indicated that, when different models are applied to the same situation, existing differences between approaches for the calculation of the mass transfer coefficients produce divergence in the results (Ferro & Pincince a, b; Gostelow et al. b; Santos et al. ) . Studies related to hydrogen sulphide emissions also report that in many cases these models tend to overestimate emission rates compared to experimental values measured with enclosure sampling devices (Blunden et al. ; Beghi et al. a; Santos et al. ) . Considering the potential benefits of predictive emission models for WWTPs, the investigation of such issues and the subsequent proposal of possible improvements are highly desirable. Nonetheless, this is not a straightforward and short-term endeavour, given the number of variables that may be involved in emission modelling, the complex relations that may exist among them and the diversity of aspects that need further investigation and improvement (for example, the study by Santos et al. ).
One of the critical aspects that may lead to a better performance of predictive emission models is the ability of taking into account the geometrical characteristics of WWTP units, as shape, dimensions and specific design features. With respect to this point, the approach adopted by the WATER9 model to estimate volatilisation rates at passive liquid surfaces considers the wind fetch (distance along the liquid surface in the direction of the wind flow) and the depth of the tank/impoundment. As the fetch value in the empirical correlations for the liquid-film (k L ) and gas-film (k G ) mass transfer coefficients at passive liquid surfaces, WATER9 model generally uses the effective diameter d e (given by d e ¼ 4A=π ð Þ 0:5 , with A being the surface area, in m 2 ), which represents the diameter of a circular surface with the same area A as the liquid surface being analysed. This choice presents the advantages of d e being easily calculated (even for surfaces with undefined geometrical form) and of avoiding multiple calculations that depend on the wind direction. However, d e does not correspond to the physical fetch, which is considered in the construction of the correlation equations for k L and k G . Details about the calculation approach adopted in WATER9 and the original works from which the k L and k G correlations were compiled are presented in the following section. The use of d e in replacement of the actual fetch may introduce, to some extent, systematic deviations in the model results. Physically, the liquid-film (k L ) and gas-film (k G ) mass transfer coefficients are affected by boundary layer and interface processes, which, in turn, are dependent on the wind fetch, especially for short fetches. In the case of k L , the ratio between the fetch and the depth of the tank is also a relevant factor, as it is directly related to the flow pattern in the liquid phase. Thus, when using emission models, the fetch input parameter needs to be properly chosen, in order to reflect the definition originally adopted to develop the k L and k G formulations.
The aim of the present work is to investigate the occurrence and significance of deviations in the mass transfer coefficients at passive liquid surfaces calculated using the WATER9 model arising from the use of d e as the fetch parameter. For such, a theoretical and a sensitivity analysis were performed, in order to evaluate the deviations in the values of k G and k L , respectively.
METHODOLOGY
In order to evaluate how the use of the effective diameter d e instead of the actual fetch affects the values of k L and k G obtained via WATER9 model for passive liquid surfaces, two types of analysis were carried out: (i) a theoretical analysis of the formulation to calculate k G , Equation (3), which allows direct mathematical inferences about the potential deviations; and (ii) a sensitivity analysis using site-specific data of operational WWTPs and comparing the response of the model to different choices of the fetch parameter (d e , or the actual fetch). A detailed explanation of the equations and the procedure adopted in WATER9 for the calculation of volatilisation rates at passive liquid surfaces is presented in the following section of this paper.
In order to perform the sensitivity analysis using realistic site-specific geometrical data of WWTP, three operational plants in New South Wales, Australia, were selected for this study (the geometrical inputs in terms of length, width and depth are provided together with the results in Table 2 ): WWTP1 -Bathurst Sewage Treatment Plant (operated by Bathurst Regional Council); WWTP2 -Kincumber Water Quality Control Centre (operated by Gosford City Council); WWTP3 -Young Sewage Treatment Plant (operated by Young Shire Council). All open-surface units that were rectangular (or approximately rectangular) in shape present at the plants were considered for the analysis. These include the final effluent balance ponds (which are not normally sources of odorous emissions) and aeration basins (which are not passive liquid surfaces while being aerated). The reason for including such surfaces in the analysis is that, in some exceptional situations (e.g. poor final effluent quality, malfunctioning of aeration system), they may behave as passive odour sources.
Benzene was used as the model compound, with molecular diffusivity in water D ¼ 9.02 × 10 À10 m 2 s À1 (as used by Lunney et al. () ), and Schmidt number in water Sc L ¼ 990. Three representative values of wind speed (U 10 , referred to a standard height of 10 m) were chosen, 5 m s À1 (gentle breeze), 10 m s À1 (moderate to strong breeze) and 15 m s À1 (near gale); for U 10 lower than 3.25 m s À1 , k L is not dependent on the fetch parameter. Two ideal wind alignment possibilities were considered, for which the physical fetch is clearly defined (see further discussion in the following section): the wind direction coinciding with the length of the tank ('length-wise' wind), for which the physical fetch is the length L itself; and wind direction coinciding with the width of the tank ('width-wise' wind), in which case the physical fetch is the width W. k L and k G were calculated for each WWTP unit, using the three values of wind speed (5 m s À1 , 10 m s À1 and 15 m s À1 ) and following the protocol adopted by WATER9 (Equations (3), (4a)-(4d) and (5), depending on the range of friction velocity, U Ã , and fetch-to-depth ratio, F=D), which includes the use of the effective diameter d e as the fetch; this resulted in deviated values k 0 L and k 0 G . The physically-consistent values of k L and k G (hereinafter denoted as k 0 L and k 0 G ) were also calculated for each unit and for the same values of wind speed, using the set of equations of WATER9 (Equations (3), (4a)-(4d) and (5), depending on the range of U Ã and F=D ratio), but taking L or W as the fetch (using L or W instead of d e ), representing the cases of a length-wise and width-wise wind alignment, respectively. For such cases, the sensitivity to the choice of the fetch parameter was evaluated by the relative deviations calculated as (k 0
APPROACH ADOPTED IN WATER9 FOR THE CALCULATION OF VOLATILISATION RATES AT PASSIVE LIQUID SURFACES
The WATER9 model (USEPA , ) compiles a number of mathematical expressions and presents recommendations on how to use them to calculate air emissions from units in waste and wastewater storage and treatment facilities. For quiescent liquid surfaces (more rigorously, passive surfaces, as they are not necessarily undisturbed), the total emission per unit time E (kg s À1 ) from the entire surface is estimated using Equation (1):
where: K L is the liquid-phase overall mass transfer coefficient (m s À1 ); C L is the compound concentration (kg m À3 ) in the bulk liquid phase; and A is the surface area (m 2 ).
In the two-resistance model considered by WATER9, the inverse overall mass transfer coefficient is a summation of 1=k L and 1=k G K H , which represent, respectively, the resistances to mass transfer associated to the liquid and gas films/boundary layers adjacent to the gas-liquid interface (USEPA ):
where: k L and k G are the liquid-film and the gas-film mass transfer coefficients (m s À1 ), respectively; K H is the Henry's law coefficient (dimensionless; K H ¼ C G =C L , for an equilibrium situation). The derivation of Equation (2) based on the two-resistance hypothesis is presented by Hudson & Ayoko () and Santos et al. () ; these authors also discuss the relative importance of k L and k G to the overall mass transfer depending on compound's volatility (expressed by K H ). The values of k L and k G are calculated using empiricalbased correlation equations, which are presented and discussed below.
Gas-film mass transfer coefficient (k G )
The expression used to obtain the gas-film mass transfer coefficient (k G ) is due to Mackay & Matsugu (), described in USEPA () as: k G ¼ (4:82 × 10 À3 )(U 10 ) 0:78 (Sc G ) À0:67 (d e ) À0:11
( 3) where: Sc G is the Schmidt number for the compound in the gas phase (non-dimensional), given by Sc G ¼ υ G =D G , being υ G the kinematic viscosity of air (m 2 s À1 ) and D G the molecular diffusion of the substance in air (m 2 s À1 ); and d e is the effective diameter of the liquid surface (m).
A noteworthy point is that, although Mackay & Matsugu () adjusted Equation (3) using the concept of effective diameter, the original equation form is based on the derivation by Sutton (), which features the linear fetch instead of d e . For the aspect ratios of the tanks used by Mackay & Matsugu () to obtain the correlation, the interchange between effective diameter and linear fetch is expected to produce negligible deviations in the results; this is a possible explanation for the good correlation obtained even with the use of d e .
Liquid-film mass transfer coefficient (k L )
To calculate the liquid-film mass transfer coefficient (k L ), WATER9 presents a set of equations, compiled from different sources. Each of these is to be used for a different range of wind speed (U 10 ) and fetch-to-depth ratio (F=D). If U 10 is lower than 3.25 m s À1 , for all F=D, k L is calculated using an equation proposed by Springer et al. () , whose input variables are the molecular diffusivities (m 2 s À1 ) of the compound and of ethyl ether in water, D L and D L,ether , respectively. If U 10 is above 3.25 m s À1 , the correlations to be used to calculate k L depend on F=D and, for some cases, on the friction velocity (U Ã ) as presented in Table 1 (Equations (4a)-(4d)). USEPA () suggests the following empirical correlation to calculate friction velocity (U Ã ) based on a drag coefficient formulation proposed by Smith ():
U Ã ¼ 1:0 × 10 À2 (6:1 þ 0:63U 10 ) 0:5 U 10 (5)
Besides defining the ranges in which the different k L expressions are to be used, the F=D ratio is a direct input parameter in Equation (4c). The F=D ratios used in Equations (4c) and (4d) Considerations about the effective diameter and the actual fetch Figure 1 illustrates the difference between the actual fetch and the effective diameter d e , for a rectangular surface, considering the two basic cases of the wind direction coinciding with the length of the tank ('length-wise' wind, Figure 1(a) ) and with the width of the tank ('width-wise' wind, Figure 1(b) ). Adapted by Mackay & Yeun (1983) from Wolff & van der Heijde (1982) .
As can be seen in Figure 1 , the difference between d e and the actual fetch depends on wind direction in relation to the tank and also on the aspect ratio of the rectangular surface (r ¼ L=W). By simple geometrical calculations, it can be shown that: for length-wise wind, the ratio d e /actual fetch (d e =L) is (4=π) 0:5 r À0:5 ; for width-wise wind, the ratio d e /actual fetch (d e =W) is (4=π) 0:5 r 0:5 . The variation of d e =L and d e =W with the aspect ratio r is illustrated by the graphs in Figure 1 . For surface shapes other than rectangular or for wind directions not aligned with either the length or the width of the tank, definition of the actual physical fetch (or a representative fetch) is a complex issue. For some of these cases, use of the effective diameter may be the most convenient choice, although, rigorously, the empirical relations by Mackay & Matsugu () , and by Springer et al. () , may not be suitable for these situations.
As previously highlighted, the choice of the fetch input parameter needs to be coherent with the definition originally adopted to develop the k L and k G formulations, due to its physical implications. Besides affecting boundary layer and interface processes, the wind fetch, computed in the form of a fetch-to-depth ratio (F=D), is one of the most relevant factors that shape the flow pattern in the liquid phase, which may have a strong influence on the value of 
RESULTS AND DISCUSSION
Theoretical analysis of k G correlation Given the mathematical form of the Mackay & Matsugu () correlation, Equation (3), it can be demonstrated that the relative deviations in the value of k G arising from the use of d e as the fetch depend only on the aspect ratio r. For the case of a length-wise wind, the relative deviations can be calculated by:
:055 r 0:055 À 1 (6a) While for the case of a width-wise wind, the relative deviations are given by:
:055 r À0:055 À 1 (6b) Figure 2 displays the variation of the relative percent deviations in the value of k G for aspect ratios up to 25. As clearly seen in Figure 2 , values of k G are relatively in sensitive to the choice of fetch parameter, deviating less than 15% for aspect ratios less than 15. This is due to the small absolute value of the exponent of the d e term in Equation (3).
Sensitivity analysis using site-specific data of real WWTPs Table 2 presents selected results, comprising the three WWTPs, concerning the relative deviations in the values of k L and k G introduced by the use of d e instead of the actual fetch, with U 10 ¼ 10 m s À1 . As anticipated by the above theoretical analysis, the estimates of k G were not strongly affected by the choice of the fetch parameter, with maximum deviations of 13.35% (length-wise wind) and À14.09% (width-wise wind).
In contrast, the estimates of k L may deviate dramatically, depending on the wind alignment and the dimensions of the unit. It is important to highlight that the greatest deviations in k L (positive extreme of 126.98% and negative extreme of À54.80%) occur when the choice of fetch parameter leads to two distinct ranges of conditions (F=D ratio smaller/ larger than 14), where different k L formulations are applied. Such discrepancies were larger for the wind speed of 10 m s À1 , when compared with the results for wind speeds 5 m s À1 and 15 m s À1 . This evidences the fact that the (4c) is to be used for both choices of fetch, but the resulting k L will be different, since the fetch is a linear parameter in this equation. The significance of deviations in the calculated values of k L and k G for the overall mass transfer coefficient K L will depend on the compound's K H (as expressed by the way these variables are related in Equation (2)). For more volatile compounds (larger K H ), as benzene, for which K H ¼ 2:27 × 10 À1 at 25 W C, K L ≈ k L (see discussion in
Hudson & Ayoko , and Santos et al. ). Thus, the deviations in k L , pointed out above, will be integrally manifested in K L and, consequently, in the calculated emission rate E (observe that E is proportional to K L , as expressed in Equation (1)). This means that, even if the same basic mathematical model is applied to a certain situation, the estimated emission rates may be significantly disparate, depending on the approach by which the fetch is determined. It is important to mention that actual emission rates were not calculated in this study, since the liquid-phase concentration C L was not assessed and the focus was to analyse the calculation of the mass transfer coefficients.
CONCLUSIONS
As expected for rectangular tanks (commonly used in WWTP design), relative deviations in the values of k G and k L due to the use of d e instead of the physical fetch depended on the length-to-width ratio (aspect ratio) and, in the case of k L , also on the depth. The values of k G were relatively in sensitive to the choice of fetch parameter, deviating less than 15% for aspect rations up to 15. The calculation of k L , however, was much more sensitive, partially because of the use of different equations for different fetch-to-depth ratios. The example situations discussed here demonstrate that significant deviations in the estimated emission rates may occur owing to the choice of the fetch parameter.
For rigorousness and consistency with the principles underlying the development of the empirical formulations, the authors recommend, when appropriate, the use of the actual fetch instead of the effective diameter. A critical point for further investigation is the reason why the correlations by Mackay & Yeun () and Springer et al. () do not converge at the boundary F=D ¼ 14.
